We have previously developed water-based microwave (MW)-assisted peptide synthesis using Fmoc-amino acid nanopaticles. It is an organic solvent-free, environmentally friendly method for peptide synthesis. Here we describe water-based MW-assisted solid-phase synthesis using Boc-amino acid nanoparticles. The microwave irradiation allowed rapid solid-phase reaction of nanoparticle reactants on the resin in water. We also demonstrated the syntheses of Leu-enkephalin, Tyr-Gly-Gly-Phe-Leu-OH, and difficult sequence model peptide, Val-Ala-Val-Ala-Gly-OH, using our water-based MW-assisted protocol with Boc-amino acid nanoparticles.
Introduction
The demands to develop green and sustainable synthetic methods in the field of fine chemicals, combined with regulatory pressure to produce these substances efficiently and safely, are increasing. The toxic and volatile nature of organic solvents poses a serious environmental threat [1] . Thus, the redesign of chemical processes to avoid hazardous organic solvents is highly desirable [2] [3] [4] . In recent years, there has been increased demand for the chemical synthesis of peptides for use in a wide variety of applications because of the explosive growth in biological research related to these molecules.
However, chemical peptide syntheses consume extremely large quantities of organic solvent due to the multiple solvent-based condensation steps. Hence, there is a compelling need for new peptide synthesis technologies which do not damage the environment, and so there is increased focus on organic solvent-free methods of peptide synthesis using environmentally friendly solvents, such as water [5] [6] [7] [8] [9] [10] [11] .
Water-based peptide synthesis remained unexplored for a long period, because the most common peptide building blocks, t-butyloxycarbonyl (Boc)-and 9-fluorenylmethoxycarbonyl (Fmoc)-amino acids [12, 13] , are sparingly soluble in water. We recently reported aqueous peptide synthesis methods which utilize water-dispersible Boc-and Fmoc-amino acids nanoparticles [9] [10] [11] . This technology uses suspended nanoparticle reactants for the coupling reaction to overcome the solubility problem and offers many advantages in terms of reaction efficiency. The use of non-conventional energy sources, viz. microwave (MW) irradiation has become a preferred choice for the organic chemist [1, [14] [15] [16] . There are many examples of the application of MW irradiation in peptide synthesis, including automated peptide synthesizers equipped with MW capability [17] [18] [19] [20] [21] [22] . The main advantages of MW-assisted chemistry are shorter reaction times and higher yields. These dramatic effects are caused by the unique heating profiles of MW irradiation. Unlike conventional heating, MW energy activates any molecule with a dipole moment, resulting in rapid heating. Indeed, the excellent dielectric properties of water offers significant advantages when used as a solvent in MW assisted reactions. The Boc strategy is well known to be suitable for industrial 
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Aqueous MW-assisted SPPS chemistry and green chemistry, because only gases are generated, without any other by-products produced by de-protection of the Boc group. Gases require less disposal energy than do solid wastes generated by de-protection of other protecting groups such as the Fmoc group. The trial of MW assisted water-based peptide synthesis using non-dispersed Boc-amino acids has been reported previously [23] . In this case, 2 reaction cycles were necessary to achieve complete coupling, requiring a total reaction time of over 15 min. This reaction rate was slow compared to general peptide synthesis in ordinary organic solvents with MW irradiation. With this in mind, we present here a water-based solid-phase synthesis using water-dispersible Boc-amino acid nanoparticles in combination with microwave irradiation aimed at reducing reaction time and increasing reaction yield ( Figure 1 ).
Experimental Section
Boc-amino acids were purchased from Watanabe Chemical Industries, Ltd. A planetary ball mill, model pulverisette 7 (Fritsch GmbH, Idar-Oberstein, Germany) was used for pulverization to prepare water-dispersible nanoparticles. The particle size of pulverized Boc-amino acids was determined by a dynamic light scattering (DLS) analysis, model LB-500 (Horiba Instruments Inc.). The MW-assisted reaction system used in this study was the μ Reactor Ex (2.45 GHz) (Shikoku Instrumentation Co. Ltd., Takamatsu, Japan) equiped with an internal fiber-optic temperature sensor for power delivery contorol. MW reactions were performed in open polypropylene vessels. Reaction mixture was stired by a magnetic stirrer during the MW irradiation. Reversed phase HPLC was performed using a Waters model 600 instrument with a cosmosil 5C 18 -AR-II column and gradient system of acetonitrile/water containing 0.05% trifluoroacetic acid (TFA). Acid hydrolyses were performed in constant-boilng HCl at 110 °C for 24 h in evacuated tubes. Amino acid compositions of acid hydrolysates were determined with a Water Pico Tag amino acid analyzer. Mass spectra were measured with a Bruker micrOTOF-Q II instrument using the time of flight (TOF) technique.
Preparation of Water-Dispersible Boc-Amino Acid Nanoparticles
Boc-Phe-OH nanoparticles: An aqueous dispersion of nanoparticulate Boc-Phe-OH was prepared by grinding using a planetary ball mill. A 40 mL agate jar was charged with 0.5 mm diameter pre-cleaned zirconium oxide beads (80 g), Boc-Phe-OH (531 mg, 2.0 mmol), polyethylene glycol (PEG) (average MW 4000 g/mol, 400 mg, 0.1 mmol), and 25 mL of aqueous 0.2% Triton X-100 solution. The batch was rolled at 246 rpm for 4 h. After grinding, the beads were removed by filtration with 75 mL of aqueous 0.2% Triton X-100 solution. Particle size (mass mediam diameter): 327.3 ± 14.1 nm.
Boc-Leu-OH nanoparticles: particle size (mass mediam diameter) = 940.0 ± 83.1 nm. Boc-Tyr(tBu)-OH nanoparticles: particle size (mass mediam diameter) = 281.5 ± 2.7 nm. Boc-Tyr(BrZ)-OH nanoparticles: particle size (mass mediam diameter) = 394.2 ± 10.1 nm.
Aqueous MW Assisted Coupling Reaction Study using Water-Soluble Coupling Reagents
H-Gly-Rink amide-PEG grafted resin (80 mg, 20 μmol) was swollen with 0.2% Triton X-100 solution, then an aqueous dispersion of nanoparticulate Boc-Phe-OH (5.0 mL, 100 μmol) was coupled onto the resin by water-soluble carbodiimide (WSCI, 1-ethyl-3-(3'-dimethylaminopropyl)carbodiimide hydrochloride) (19 mg, 100 μmol) or 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) (18 mg, 100 μmol). WSCI was used in conjugation with 3-sulfo-Nhydroxysuccinimide (sulfo-HOSu) (22 mg, 100 μmol). N,N-diisopropylethylamine (DIEA) (17 μL, 100 μmol) or 4-methylmorpholine (NMM) (11 μL, 100 μmol) were used for base catalysts. Each reaction mixture was heated at 70 °C by MW (<70 W) irradiation and kept for 1-10 min. After MW irradiation, the resins were washed with 0.2% Triton X-100 solution and ethanol. The coupling efficiency was checked by a Kaiser test. Results are summarized in Table 1 . Table 1 . Study of MW assisted solid-phase coupling reaction in water [24] . Reactions were carried out between Boc-Phe-OH nanoparticles and H-Gly-Rink amide-PEG grafted resin.
Entry Reagent
Additive Time/min Kaiser test 
Preparation of H-Leu
General Procedure for Aqueous MW Assisted Solid-Phase Peptide Synthesis
Leu-enkephalin as an example: The solid-phase synthesis was carried out according to the protocol shown in Table 2 . The H-Leu-HMBA-PEG grafted resin (40 μmol) was swelled with 0.2% Triton X-100 solution, then water-dispersible Boc-Phe-OH nanoparticles (200 μmol), Boc-Gly-OH in 0.2% Trioton X solution (200 μmol), and water-dispersible Boc-Tyr(tBu)-OH nanoparticles (200 μmol) were serially coupled onto the resin. Aqueous MW coupling reaction was performed by DMTMM (35 mg, 200 μmol), and NMM (22 μL, 200 μmol) at 70 °C using MW (<70 W) for 3 min. Deprotection was carried out with TFA. The free amino group was neutralized with 0.05 mol/L NaHCO 3 solution, followed by washing with H 2 O. After completion of the synthetic reaction, the peptide resin (H-Tyr-Gly-Gly-Phe-Leu-HMBA PEG grafted resin) was washed with ethanol and dried in vacuo. The resin was treated with 3 mL of 0.5 mol/L NaOH solution for 30 min at room temperature. The resin was removed by filtration and then 1. 
Results and Discussion
First, we studied the coupling efficiency of the MW assisted solid-phase reaction between Boc-Phe-OH nanoparticles and H-Gly-Rink amide-PEG grafted resin [26, 27] using several coupling methods. To perform aqueous based solid-phase synthesis, the solid support is required to swell in water. PEG grafted resin was reported to have a high swelling ability in both non-polar and polar solvents including water. Water-dispersible Boc-Phe-OH nanoparticles were produced by dispersion-based processes with wet milling [28] [29] [30] . Boc-Phe-OH was ground with zirconia beads in aqueous 0.2% Triton X-100 soultion using a planetary ball mill for 4 h at room temperature. The beads were removed by filtration to obtain water-dispersible Boc-Phe-OH nanoparticles. The dispersed nanoparticles were found by DLS analysis to have a mass mediam diameter of 327.3 ± 14.1 nm (Figure 2 ). We also prepared several hydrophobic Boc-amino acid nanoparticles, Boc-Leu-OH, Boc-Tyr(tBu)-OH, as a nanoparticle formulation using the same wet milling process. In the case of Boc-Val-OH, the nano-based materials, which the oily substrates were dispersed in aqueous phase uniformly, were obtained after wet milling. In the Boc strategy, the hydrophobic Bzl type groups are generally the first choice for the side chain protection step. We also successfully prepared water-dispersible Boc-Tyr(BrZ)-OH, which has a hydrophobic BrZ side chain protecting group [11] . WSCI [31] , DMTMM [32, 33] and combinations of an additive sulfo-HOSu [34] were examined [24] . Reaction temperature was 70 °C using a MW power of 70 W (Figure 1) . The results are summarized in Table 1 . The coupling reaction using WSCI in combination with sulfo-HOSu was completed within 3 min (Entry 2). Surprisingly, in the case of DMTMM (Entry 6), the reaction was completed in only 1 min. In the previous work using Fmoc-amino acid nanoparticles, we have studied about efficiency of these aqueous MW-assisted coupling conditions. Even when using Fmoc amino acid nanoparticles, DMTMM showed a high reactivity in the aqueous reaction with MW irradiation [24] . These results were suggested that the microwave radiation in highly polar water-based solvent systems leads to very smooth reactions between aqueous nanoparticles and the solid support.
To evaluate the effectiveness of our procedure for MW assisted solid-phase synthesis in water using Boc chemistry, the preparation of the model peptide Leu-enkephalin (Tyr-Gly-Gly-Phe-Leu-OH, an endogenous opioid peptide) was investigated. The reaction was carried out in aqueous solution according to the protocol described in Table 2 . The synthesis was carried out on an HMBA-PEG grafted resin, which is compatible with Boc chemistry [35] . The first amino acid, Boc-Leu-OH was introduced on the resin using DIC and DMAP in DMF. The water-dispersible Boc-Phe-OH and Boc-Tyr(tBu)-OH nanoparticles were prepared by wet-milling in the presence of Triton X-100. Boc-Gly-OH was dissolved in aqueous 0.2% Triton X-100 solution. Boc-Phe-OH, Boc-Tyr(tBu)-OH nanoparticles and Boc-Gly-OH solution were serially coupled onto H-Leu-HMBA-PEG grafted resin. Coupling reactions were carried out by DMTMM with MW radiation set to a power of 70 W for 3 min at 70 °C. The Boc group was removed using TFA. After peptide synthesis on the resin, the Boc group and side-chain protecting group were removed by TFA. The objective peptide was cleaved from the resin with 0.5 mol/L NaOH solution. The HPLC analysis of the peptide obtained by solid-phase synthesis in water afforded a single peak for Leu-enkephalin, shown in Figure 3 . The presence of only one peak in the chromatogram of the crude peptide suggested the absence of diastereomeric compounds. Thus, there is no significant racemization during the MW assisted coupling reaction. The overall yield calculated from the amino group content of the used resin was 64%.
Sparingly soluble
Water-dispersible Difficult sequences peptides are problematic to synthesize using a conventional method due to the aggregation of protected peptide chain on the resin. MW irradiation is useful in breaking up the aggregation of a peptide chain. To further evaluate this aqueous MW-assisted synthesis method, we demonstrated the synthesis of hydrophobic peptide, Val-Ala-Val-Ala-Gly-OH, which is a well-known aggregate sequence [36] . Using a combination of MW irradiation and water-dispersible nanoparticles, we synthesized peptide on the HMBA-PEG grafted resin according to the same aqueous based protocol (Table 2) . Boc-Val-OH nanoparticles and Boc-Ala-OH solution were serially coupled onto H-Gly-HMBA-PEG grafted resin. Figure 4 shows the HPLC analytical profile of Val-Ala-Val-AlaGly-OH synthesized in water by this method. The peptide was obtained in high purity.
Conclusions
In conclusion, the use of the MW irradiation allowed a rapid aqueous reaction of nanoparticle reactants on the resin. We have demonstrated that MW radiation can be successfully applied to the syntheses of Leu-enkephalin and a well-known aggregate peptide, Val-Ala-Val-Ala-Gly-OH, in high yield and purity. The most serious problems of aqueous based peptide synthesis are (i) the poor water solubility of protected amino acids; and (ii) slow reaction rates compared to general peptide synthesis in ordinary organic solvents. This approach, based on a combination of nanoparticle-based technology and MW heating, is emerging as a solution for these problems. Most solid-phase peptide syntheses are currently carried out in organic solvent using automatic synthesizer. This method using reactant nanoparticle suspension like reactant solution could be applied to automatic peptide synthesis, if more stable nanoparticle suspension would be prepared. Our method represents a major step forward in the development of effective and sustainable methods for solid-phase peptide synthesis.
